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Abstract
Upwelling is the process by which deep, cold, relatively high-CO2, nutrient-rich seawater
rises to the sunlit surface of the ocean. This seasonal process has fueled geoengineering
initiatives to fertilize the surface ocean with deep seawater to enhance productivity and thus
promote the drawdown of CO2. Coccolithophores, which inhabit many upwelling regions
naturally ‘fertilized’ by deep seawater, have been investigated in the laboratory in the context
of ocean acidification to determine the extent to which nutrients and CO2 impact their physi-
ology, but few data exist in the field except from mesocosms. Here, we used the Porcupine
Abyssal Plain (north Atlantic Ocean) Observatory to retrieve seawater from depths with ele-
vated CO2 and nutrients, mimicking geoengineering approaches. We tested the effects of
abrupt natural deep seawater fertilization on the physiology and biogeochemistry of two
strains of Emiliania huxleyi of known physiology. None of the strains tested underwent cell
divisions when incubated in waters obtained from <1,000 m (pH = 7.99–8.08; CO2 = 373–
485 p.p.m; 1.5–12 μM nitrate). However, growth was promoted in both strains when cells
were incubated in seawater from ~1,000 m (pH = 7.9; CO2 ~560 p.p.m.; 14–17 μM nitrate)
and ~4,800 m (pH = 7.9; CO2 ~600 p.p.m.; 21 μM nitrate). Emiliania huxleyi strain CCMP
88E showed no differences in growth rate or in cellular content or production rates of particu-
late organic (POC) and inorganic (PIC) carbon and cellular particulate organic nitrogen
(PON) between treatments using water from 1,000 m and 4,800 m. However, despite the N:
P ratio of seawater being comparable in water from ~1,000 and ~4,800 m, the PON produc-
tion rates were three times lower in one incubation using water from ~1,000 m compared to
values observed in water from ~4,800 m. Thus, the POC:PON ratios were threefold higher
in cells that were incubated in ~1,000 m seawater. The heavily calcified strain NZEH exhib-
ited lower growth rates and PIC production rates when incubated in water from ~4,800 m
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compared to ~1,000 m, while cellular PIC, POC and PON were higher in water from 4,800
m. Calcite Sr/Ca ratios increased with depth despite constant seawater Sr/Ca, indicating
that upwelling changes coccolith geochemistry. Our study provides the first experimental
and field trial of a geoengineering approach to test how deep seawater impacts coccolitho-
phore physiological and biogeochemical properties. Given that coccolithophore growth was
only stimulated using waters obtained from >1,000 m, artificial upwelling using shallower
waters may not be a suitable approach for promoting carbon sequestration for some loca-
tions and assemblages, and should therefore be investigated on a site-by-site basis.
Introduction
Upwelling is a physical process involving the wind-driven replacement of surface waters with
denser, colder, nutrient-rich seawater from depth. Deep seawater contains higher nutrient, dis-
solved inorganic carbon (DIC) and CO2 concentrations than the surface ocean [1, 2]. Macro-
nutrient concentrations can increase severalfold during upwelling [3], which enhances
productivity [4–6]. The increase in DIC and CO2 is driven by high respiration rates in deep
water masses and by increased CO2 solubility with decreasing temperature [1]. In some
upwelling regions, such as the northeastern Pacific Ocean, changes in carbonate chemistry
result in extremely high pCO2 values, exceeding 1,000 μatm near surface waters [2], making
near-surface waters corrosive to carbonate minerals [2, 7].
In recent years, a number of geoengineering proposals have emerged in an attempt to maintain
or decrease the current levels of atmospheric CO2. Among these, artificial upwelling has been put
forward as a strategy to stimulate phytoplankton growth and, as a result, draw down atmospheric
CO2. The main motivation is that marine phytoplankton productivity is often limited by the avail-
ability of macronutrients (nitrogen and phosphorous) or micronutrients (Fe) [8–11]. Therefore,
upwelled seawater can provide these limiting nutrients and DIC into the euphotic zone, thus pro-
moting primary production [4, 5, 12]. As a result, a number of upwelling strategies have been pro-
posed including airlift pumps [13], and wind-/wave-powered systems [14] to increase total
primary production and biomass. A consequence of artificial upwelling is that some species may
be favored, for example, a shift to larger phytoplankton cells, with the potential alteration of com-
munity structure (see [15, 16]). Modeling studies have also explored the impact of artificial
upwelling in carbon sequestration and the cycling of other climate relevant gases such as nitrous
oxide and dimethyl sulphide, that are likely to be altered by the increase in ocean mixing [17–19].
Fertilization of surface waters benefits many taxa including diatoms and dinoflagellates [20,
21], through nutrient enrichment, although Fe limitation can be a growth-limiting factor [22,
23]. In the Arabian Sea, strong upwelling increases the magnitude of organic carbon fluxes
[24], inducing exported calcite Sr/Ca changes, an indicator of productivity and calcite export
flux [25]. Studies of sediment records in the Atlantic Ocean off Portugal reveal one order of
magnitude increases in phytoplankton biomass dominated by diatoms during upwelling con-
ditions (summer), while coccolithophores, on the contrary, dominate the phytoplankton com-
munity in non-upwelling conditions (winter) [26]. However, some upwelling events in the
Southern Benguela upwelling [27] harbor coccolithophore blooms with high diversity of spe-
cies [27]. It remains inconclusive how coccolithophore diversity and physiology will be
affected by future increases in upwelling intensity.
In this study, we conducted ship deck incubation experiments with two strains of the cocco-
lithophore species Emiliania huxleyi using seawater retrieved from different depths in the
North Atlantic Ocean.
Coccolithophores abrupt exposure to low pH deep seawater
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Through these experiments, we used a naturally acidified seawater and nutrient-rich system
to test the effect of short-term abrupt exposure to deep seawater on the physiology of E. hux-
leyi. These experiments provide a snapshot of how the cellular and biochemical properties of
coccolithophores are likely to shift in response to deep-water artificial upwelling and fertiliza-
tion, relevant for geoengineering initiatives.
Materials and methods
Field site and incubations
Two 72-hr incubation experiments were conducted between May 26th and June 4th 2010 in the
Porcupine Abyssal Plain (PAP) region of the central Atlantic Ocean on board RRS James
Clark Ross (field permits were coordinated by the National Oceanography Center, U.K.).
These short-term incubations were intended to capture abrupt rather than chronic/long term
responses and to avoid large changes in carbon chemistry due to CO2 degassing over time and
to increasing bacteria growth and respiration. The first incubation experiment (I1) was con-
ducted using water from CTD cast 1, on May 27th 2010, at 45.47˚N and 13.06˚W; and the sec-
ond incubation experiment (I2) used seawater recovered from CTD cast 2, conducted on May
31st 2010 at 48.99˚N and 16.39˚W. Incubation seawater was retrieved from depths ranging
from 10 to 4,831 m (Table 1) using Niskin bottles attached to a CTD rosette. Deck incubation
experiments were conducted in 2.5 L polycarbonate bottles placed inside two 0.80 m3 transpar-
ent plexiglass tanks and maintained at 15.7 ±1˚C using fast flowing natural seawater obtained
from 5 m depth, to achieve 15.6–15.8˚C during incubations. The incubation tanks were cov-
ered with a photoselective blue filter that maintains photosynthetic active radiation to ~10% of
Table 1. Physico-chemical conditions of the seawater. Seawater was collected at the chlorophyll maximum (10 and 38 m respectively for I1 and I2); at
502 m (I1) and 508 m (I2); at 1,002 m (I1) and 1,010 m (I2); and at 4,757 m (I1) and 4,831 m (I2) for shipboard incubations with E. huxleyi strains CCMP 88E
(CCMP378) (I1) and NZEH (PLY M219, CAWPO6) (I2). SW = seawater. t0 = beginning of the experiment; tn = t72, 72 hours after the start of the experiment.
I1 E. huxleyi CCMP 88E (CCMP 378)
10 m 502 m 1,002 m 4,757 m
Temperature (˚C) 15.81 11.58 10.25 2.52
Salinity 35.81 35.63 35.85 34.89
Oxygen (mM) 5.56 6.08 6.25 7.54
Incubations t0 tn t0 tn t0 tn t0 tn
Nitrate (μM) 1.40 0.85 10.10 8.20 17.55 16.80 20.95 20.15
Phosphate (μM) 0.09 0.08 0.55 0.31 0.97 0.94 1.37 1.26
Mg/CaSW (mol/mol) 5.34 ± 0.01 - 5.31 ± 0.00 - 5.32 ± 0.01 - 5.28 ± 0.03 -
Sr/CaSW (mmol/mol) 8.57 ± 0.03 - 8.59 ± 0.01 - 8.56 ± 0.04 - 8.59 ± 0.01 -
Sr/CaCal (mmol/mol) - - - 2.85 ± 0.00
I2 E. huxleyi NZEH (PLY M219, CAWPO6)
38 m 508 m 1,010 m 4,831 m
Temperature (˚C) 12.80 11.42 8.89 2.57
Salinity 35.66 35.58 35.46 34.90
Oxygen (mM) 5.97 5.56 6.45 7.53
Incubation 2 t0 tn t0 tn t0 tn t0 tn
Nitrate (μM) 4.90 4.80 12.25 8.55 14.25 12.55 20.90 20.50
Phosphate (μM) 0.27 0.22 0.60 0.46 0.94 0.64 1.55 1.20
Mg/CaSW (mol/mol) 5.34 ± 0.01 - 5.31 ± 0.00 - 5.32 ± 0.01 - 5.28 ± 0.03 -
Sr/CaSW (mmol/mol) 8.57 ± 0.03 - 8.59 ± 0.01 - 8.56 ± 0.04 - 8.59 ± 0.01 -
Sr/CaCal (mmol/mol) 2.60 ± 0.02 2.57 ± 0.00 2.82 ± 0.01 2.84 ± 0.08
https://doi.org/10.1371/journal.pone.0181713.t001
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the surface values. This was to prevent photoinhibition (see S1 Table), and to mimic the spec-
tral irradiance encountered by cells in the euphotic zone.
Emiliania huxleyi strains
Monoclonal cultures of two non-axenic strains of E. huxleyi were maintained at 14˚C and at
200 μmol quanta m-2 s-1 in a light-controlled incubator using a modified version of f/2
medium [28] containing 100 μM nitrate and 6.24 μM phosphate. The strains were maintained
in the exponential growth phase with cell densities <100,000 cells mL-1 to prevent nutrient
limitation and carbonate chemistry perturbations caused by calcification and photosynthesis.
Strain CCMP 88E (CCMP 378), which originates from the Gulf of Maine (43.00˚N, 68.00˚W),
was obtained from the National Center for Marine Algae and Microbiota (NCMA) (Bigelow,
ME, U.S.A.). Emiliania huxleyi strain NZEH (PLY M219, CAWPO6) isolated from SW New
Zealand waters (46.58˚S, 168.05˚E) was obtained from the Plymouth Culture Collection of
Marine Algae (Plymouth, U.K.). We studied cell specific growth rate (μ, d-1), coccolith mor-
phometrics, and biogeochemical parameters including cellular and production rates of partic-
ulate inorganic and organic carbon (PIC and POC), particulate organic nitrogen (PON), and
PIC:POC and POC:PON ratios under the conditions of the two deepest water masses used.
Additionally, strain-specific coccolith elemental composition of calcite Sr/Ca was investigated.
Incubation experiments
Seawater was collected from Niskin bottles deployed from a CTD to supply seawater for incu-
bations 1 (I1) and 2 (I2). Niskin bottles were triggered at 10, 502, 1,002, and 4,757 m for I1,
and at 38, 508, 1,010, and 4,831 m for I2 (Table 1). Hereafter, we refer to these depths as chl
max (chlorophyll maximum), 500 m (representing 502 m and 508 m of I1 and I2 respectively),
1,000 m (representing 1,002 m and 1,010 m of I1 and I2 respectively), and 4,800 m (represent-
ing 4,757 m and 4,831 m of I1 and I2 respectively). Prior to the incubations, seawater was fil-
tered through a Spectrum nylon mesh of 300 μm to remove zooplankton and suspended
particles. Seawater was gently filtered through 0.22 μm Polycap 36 AS disposable filters (What-
man, Little Chalfont, U.K.). Filtration was aimed to minimize the effect of biotic interactions
and metabolic activity of other microorganisms on the seawater chemistry. Filtered seawater
was subsequently placed in 2.5 L polycarbonate bottles, which were filled leaving a negligible
headspace to minimize gas exchange. Once temperature equilibrated in the incubations (~ 1
h), E. huxleyi cells were inoculated to achieve densities < 5000 cells mL-1. The inoculation pro-
cedure was conducted quickly to minimize gas exchange and bottle caps were tightly sealed
immediately after inoculation. Incubations were conducted for 72 hours and samples were col-
lected at the start (t0) and end (t72) of the experiment. Each experimental condition was incu-
bated in tripicate and a blank (without cells) was used as a control to monitor changes in
carbonate chemistry in abiotic conditions during the course of the experiment.
Physico-chemical analyses of seawater
Seawater samples were collected in triplicate at the start (from the Niskin bottle) and end of
the incubations for temperature, salinity, and oxygen. Samples were collected for macronutri-
ents (nitrate and phosphate) by syringe filtration of 15–20 mL through a 0.22 μm Millex filter
(Millipore, Billerica, MA, USA) and stored at -20˚C. Nitrate and phosphate concentrations
were determined colorimetrically following [29] using a spectrophotometer (Hitachi U-2000
Scientific Instruments) at the Helmholtz Centre for Ocean Research Kiel (Germany). Samples
for carbonate chemistry, specifically total alkalinity (TA) and dissolved inorganic carbon
(DIC) were collected in 300 mL borosilicate flasks directly from the Niskin bottle (pre-filtered
Coccolithophores abrupt exposure to low pH deep seawater
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gently through a 0.22 μm polycarbonate capsule), and at the end of the incubations. Samples
were preserved with 750 μL 3.5% HgCl2 solution to prevent microbial growth during storage
in the dark at room temperature. TA and DIC were measured using a Versatile Instrument for
the Determination of Titration Alkalinity (VINDTA) at the National Oceanography Centre
(Southampton, UK). Certified reference materials (CRM) to calibrate and establish correction
factors for VINDTA measurements were obtained from Dr. Andrew Dickson at the Marine
Physics Laboratory of the Scripps Institute of Oceanography, University of California San
Diego, USA. VINDTA-derived values for TA and DIC were corrected for various parameters
including titration acid volume, nutrient concentration of the sample, temperature, salinity
and CRM values. Carbonate chemistry parameters were calculated from in situ temperature,
salinity, DIC, TA and nutrients using the "CO2SYS" macro [30]; for model constraints see [31]
(Table 2, S2 Table).
Seawater elemental composition
Aliquots of 25 mL seawater were filtered through a Millex 0.22 μm filter (Millipore, USA) and
stored at -20˚C for elemental analysis. Seawater Mg/Ca and Sr/Ca ratios were determined sep-
arately by the method of standards addition in culture medium samples diluted to 1/200 and
1/10 respectively, and measured with a Thermo iCap 6300 Series ICP spectrometer (Depart-
ment of Geology, University of Oviedo, Spain). For trace element ratios, measurements were
conducted both in radial and axial mode: Ca (315 nm radial) and Sr (407 nm radial). Calibra-
tions were performed with multi-element standards offline using the intensity ratio method of
[32].
Table 2. Inorganic carbon chemistry parameters. In the incubations using the two deepest water conditions, initial (t0) and final (t72) conditions are pro-
vided. First row indicates the values of the water at t0, immediately after filtration; the second row indicates the values at the end of the experiment (t72); the
third row represents one standard deviation; and the last row represents the values in the blank (seawater treated in an identical way but without cells). TA,
DIC, HCO3-, CO32- and CO2 values are in μmol kg seawater-1.
CCMP 88E
(I1)
TA DIC pH [HCO3-] [CO32-] [CO2] Ω-cal pCO2 (p.p.m.v)
4,800 m (t0)
(t72)
Blank
2340.87
2340.79
(2.70)
2348.70
2203.39 2169.24
(17.73)
2187.80
7.90 7.92
(0.04)
7.898
2070.62 2018.48
(25.69)
2041.90
108.37 130.12
(10.07)
123.80
24.40 20.64
(2.04)
22.10
2.58 3.10
(0.24)
2.95
595.77 574.38
(56.71)
614.40
1,000 m (t0)
(t72)
Blank
2343.43 2369.96
(2.08)
2375.10
2181.75 2187.23
(1.71)
2188.90
7.93 7.94
(0.00)
7.943
2037.11 2029.99
(1.51)
2029.80
123.14 137.27
(0.43)
139.50
21.50 19.97
(0.06)
19.60
2.92 3.25
(0.01)
3.31
557.05 558.72
(1.63)
549.60
500 m 2346.25 2135.83 8.00 1964.95 154.20 16.69 3.66 471.87
Chl max 2347.37 2113.76 8.07 1931.36 167.92 14.49 3.98 391.27
NZEH
(I2)
TA DIC pH [HCO3-] [CO32-] [CO2] Ω-cal pCO2 (p.p.m.v)
4,800 m (t0)
(t72)
Blank
2334.05 2323.25
(1.46)
2348.18
2193.30 2160.62
(5.21)
2191.45
7.91 7.90
(0.01)
7.88
2059.53 2014.54
(7.56)
2047.27
109.97 124.53
(2.97)
121.44
23.80 21.55
(0.53)
22.74
2.62 2.97
(0.07)
2.90
581.02 609.89
(7.52)
639.23
1,000 m (t0)
(t72)
Blank
2356.85 2293.18
(4.87)
2342.73
2187.46 2129.32
(5.07)
2178.01
7.95 7.91
(0.01)
7.89
2038.69 1984.11
(4.91)
2029.88
127.97 124.27
(0.13)
126.31
20.81 20.94
(0.24)
21.81
3.04 2.95
(0.00)
3.00
539.71 584.39
(16.76)
623.36
500 m 2346.42 2140.53 7.99 1972.06 151.34 17.14 3.59 484.71
Chl max 2352.50 2108.82 8.08 1920.56 174.43 13.83 4.14 373.71
https://doi.org/10.1371/journal.pone.0181713.t002
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Growth rate, cell density and coccolith morphometrics
Cell counts for each incubation were made in triplicate using a Leo 1450VP scanning electron
microscope (SEM) (Carl Zeiss, Cambridge, UK) in conjunction with SmartSEM software
(Carl Zeiss) following the methods outlined by [33]. In brief, triplicate samples of 200-mL
incubation water containing coccolithophores were gently filtered onto 25 mm cellulose
nitrate filters and dried overnight at 37˚C. Samples were subsequently stored in airtight con-
tainers containing silica gel to prevent degradation. Filters were mounted on aluminum stubs,
gold-sputtered and a predefined transect macro was used to take 225 images (each equivalent
to 1 mm2 area) at 5000x magnification. For each filter, images were chosen at random and
counts were made until at least 300 coccospheres were enumerated. Typically, 400–2000 coc-
cospheres were counted for each sample from 100–225 randomly selected images. Numbers
were then back extrapolated to determine coccosphere density. Growth rate was determined
with a standard exponential growth equation [34]: μ = [Ln (Nt)—Ln (N0)] / t, where Nt and N0
are the cell densities at the start and at the harvest day respectively, and t corresponds to the
length of incubation (in days). We performed one-way ANOVA using the program StatPlus:
mac LE (2015 AnalystSoft Inc., 2015). Statistical significance was determined based on a p-
value threshold of 0.05.
Coccosphere volume (cell and surrounding coccoliths) and the morphology of coccoliths
were determined using SEM protocols described above. Distal shield length and area of the
coccolith, central area surface (inner part of the coccolith enclosed by the rim) and coccolith
circularity [35] were measured using at least 48 randomly selected coccoliths for each filter.
Particulate elemental analyses
At the end of the incubation (t72), 200 mL of incubation sample was filtered through a pre-
combusted GF/F filter (Whatman, U.K.) and stored at -20˚C until used for analysis of cellular
particulate organic carbon and nitrogen (POC and PON). Upon thawing, samples were fumed
with H2SO3 for 48 hours in a dessicator chamber to remove inorganic carbon [36]. The filters
were subsequently dried at 60˚C for 48 hours and pelleted in pre-combusted aluminium foil
(EMA 100 x 30 mm circles, following [37]). POC and PON were analysed by Mr Robert Head
at Plymouth Marine Laboratory using a Thermo Finnigan Flash EA1112 elemental analyzer
with acetanilide standards.
In order to assess cellular calcification content and production rates, 200 mL of the incuba-
tion sample were filtered through a 0.22 μm Nucleopore polycarbonate filter (Whatman, U.K.)
that was previously rinsed with 5 mL of a diluted ammonium hydroxide solution (pH ~ 9.5).
After filtration, samples were washed three times with this solution to remove salts and prevent
any calcite dissolution and samples were then stored at -20˚C. Prior to analysis, filtered calcite
was dissolved in ~20 mL 0.1 M HNO3 and [Ca
2+] was subsequently determined at the Univer-
sity of Cambridge (UK) using a Varian Vista Pro inductively coupled plasma emission spectro-
photometer (ICP-OES; Agilent, Stockport, UK). Instrument calibration followed procedures
used for the determination of Mg/Ca in foraminiferal calcite [32]. [Na+] was measured as a
proxy for residual seawater Ca2+. Filters rinsed with the control medium were also analyzed
and confirmed that seawater contribution to measured [Ca2+] was negligible. The content of
Ca2+ per filter and per coccolithophore (using cell density) was then calculated and extrapo-
lated to PIC, assuming that all Ca2+ on the filters was derived from calcite [38].
Coccolith elemental composition
One L of sample from each incubation bottle was filtered through a 0.22 μm Nuclepore filter
(Whatman, U.K.) to determine the elemental composition of coccoliths at the end of each
Coccolithophores abrupt exposure to low pH deep seawater
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incubation. Filters were stored in 50 mL Falcon tubes at -20˚C until further treatment. After
thawing at room temperature (24 h), the filters were carefully removed with Teflon tweezers,
leaving behind only seawater and calcite. This material was concentrated into cellular pellets
by centrifugation at 1970 x g for 20 minutes at 4˚C. After discarding the supernatant, the cal-
cite pellets were frozen at -80˚C, freeze dried for 48 hours [39], and kept at room temperature
until further treatment.
Pellets were cleaned following the optimized protocol in [40] and elemental analysis was
performed using a Thermo iCAP 6300 Series ICP Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were diluted to a common Ca level, seeking the highest possible
Ca concentration within the range of standard calibration solutions (15, 50, 100 p.p.m. Ca).
For trace element ratios, we measured in both radial and axial mode: P (177 nm axial), Fe (259
nm radial), Ca (315 nm radial) and Sr (407 nm radial). Calibrations were performed with
multi-element standards offline using the intensity ratio method of [32].
Results
Physiological responses of Emiliania huxleyi strains to deep-water
incubations
Incubations with strains CCMP 88E and NZEH using water from the chl max and from 500 m
failed to promote growth over 72 hours, i.e., cell density remained unchanged (<3% decrease
in I1) or decreased (21% at the chl max and 89% at 500 m), and cell divisions were only
observed in incubations with water from 1,000 m and 4,800 m. The trends in growth rate, and
cellular quotas and production rates for PIC and POC, and the cellular PON values in CCMP
88E were comparable between incubations using water from 1,000 and 4,800 m (Table 3).
However, PON production rates were threefold higher in the incubation with water from
4,800 m, and the POC:PON ratio was three times lower at 4,800 m compared to 1,000 m
(Table 3). In strain NZEH, a significant effect of seawater depth on cellular physiology was
observed. Cells of this strain displayed a decline in both growth and PIC production rates and
a significant increase in cellular standing stocks of PIC, POC and PON when incubated in
water obtained from 4,800 m compared to water from 1,000 m. The production rates of both
Table 3. Physiology of the E. huxleyi strains (CCMP 88E and NZEH) incubated in seawater from 1,000 m and 4,800 m for 72 hours. μ (d-1) represents
growth rate, PIC, POC and PON are particulate inorganic carbon, particulate organic carbon and particulate organic nitrogen respectively, and values are
reported in pmols. Pairwise differences were considered significant at a threshold of p<0.05, following one-way ANOVA. The trend represents neutral
response (−), increase ("), and decrease (#) in the parameters measured in incubations using water from 4,800 m compared to those using water from 1,000
m.
Strain SW
depth
μ
(d-1)
PIC
cell-1
PIC
cell-1 d-1
POC
cell-1
POC
cell-1 d-1
PON
cell-1
PON
cell-1 d-1
PIC:POC
ratio
POC:PON
ratio
CCMP
88E
(I1)
1,000 0.24
(0.06)
0.258
(0.03)
0.063
(0.02)
1.132
(0.67)
0.273
(0.19)
0.039
(0.01)
0.009
(0.00)
0.279
(0.14)
21.80
(3.61)
4,800 0.441
(0.23)
0.311
(0.02)
0.141
(0.08)
0.491
(0.19)
0.201
(0.12)
0.070
(0.03)
0.026
(0.01)
0.729
(0.38)
7.421
(1.51)
Trend − − − − − − " − #
p-value 0.22 0.08 0.17 0.18 0.60 0.20 0.08 0.12 0.02*
NZEH
(I2)
1,000 0.570
(0.03)
0.837
(0.03)
0.477
(0.01)
0.879
(0.03)
0.501
(0.02)
0.082
(0.00)
0.047
(0.00)
0.952
(0.01)
10.77
(0.41)
4,800 0.304
(0.01)
1.356
(0.03)
0.412
(0.02)
1.536
(0.21)
0.467
(0.07)
0.144
(0.02)
0.044
(0.01)
0.894
(0.12)
10.71
(0.69)
Trend # " # " − " − − −
p-value 0* 0* 0.02* 0* 0.50 0* 0.60 0.46 0.90
https://doi.org/10.1371/journal.pone.0181713.t003
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POC (~0.5 pmol cell-1 d-1) and PON (0.04 pmol cell-1 d-1), as well as cellular ratios of PIC:POC
(0.9) and POC:PON (11) were comparable at the end of these short-term incubations in water
from 1,000 and 4,800 m (Table 3).
Morphometric analysis revealed that in strain NZEH, the coccosphere volume was 30% larger
when incubated in water from 4,800 m compared to 1,000 m (Table 4, Fig 1). There were, how-
ever, no differences in coccolith distal shield length and surface, central area surface and cocco-
lith circularity for cells incubated at 1,000 m and 4,800 m (Table 4, Fig 1). Strain 88E exhibited
no significant differences for any of the morphometric parameters tested (Table 4, Fig 1).
Seawater inorganic carbon chemistry
Seawater from different depths yielded a distinct vertical gradient of inorganic carbon species.
Water from 4,800 m had comparable TA values to waters obtained from the chl max (<1% dif-
ference), but this deeper water contained up to 4% more DIC. Additionally, it had a ~7%
higher concentration of bicarbonate ions ([HCO3
-]), ~40% lower concentration of carbonate
ions ([CO3
2-]), ~40% higher [CO2] and ~35% higher pCO2. Values on the total scale pH were
0.17 units lower and omega calcite (Ocal) was ~1.5 units lower at 4,800 m compared to water
from the chl max (Table 2, S2 Table).
Both biological activity and calcite particles can interfere with carbonate chemistry analyses,
so we gently filtered the water used in the incubations through 0.22 μm prior to commencing
incubations. Our results indicate TA varied by<2% and DIC varied by <1% before and after
filtration (S3 Table). [CO2] and [CO3
-2] varied by less than 1% except in the deepest water in
I1 (~5%) and I2 (~10%) and in water from the chl max in I1 (S2 Table). The pH was identical
except in the deepest seawater treatment in I1, where pH decreased by 0.05 units after filtra-
tion. For I2, pH only decreased as a result of filtration (0.04 units) for water obtained from
4,800 m and for water originating from the chl max (0.02 units). After filtration, Ocal decreased
by less than 0.05 units except for water obtained from 4,800 m (I1 water was 0.15 units lower
after filtration; I2 was 0.3 units lower), and for water from the chl max, which decreased by
0.16 units after filtration during I1. Overall, perturbations in carbonate chemistry caused by fil-
tration were therefore minimal (S3 Table). TA and DIC remained largely unaltered at the end
Table 4. Morphometric analysis of E. huxleyi CCMP 88E and NZEH after incubations in water collected from 1,000 m and 4,800 m.
Coccosphere = cells and surrounding coccoliths; DS = distal shield; CA = central area; DSL = distal shield length. The numbers on the second and third rows
represent the standard deviation and population size respectively.
Strain Water depth
(m)
Coccosphere volume
(μm3)
DS coccolith surface
(μm2)
CA coccolith surface
(μm2)
Coccolith
circularity
Coccolith DSL
(μm)
CCMP
88E
1,000 75.52
22.579
48
5.295
1.33
172
0.643
0.242
172
0.911
0.033
172
2.784
0.453
172
4,800 82.756
20.257
61
5.267
1.148
233
0.651
0.225
233
0.908
0.036
233
2.835
0.325
233
p-value 0.08 0.82 0.89 0.49 0.35
NZEH 1,000 113.506
32.767
76
5.911
1.637
177
0.849
0.347
177
0.884
0.023
177
3.07
0.378
177
4,800 162.275
39.187
72
6.174
1.718
148
0.887
0.272
148
0.889
0.028
148
3.121
0.39
148
p-value <0.001* 0.15 0.27 0.12 0.23
https://doi.org/10.1371/journal.pone.0181713.t004
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of the incubation for the controls, but there were modest changes in pH, [HCO3
-], [CO3
2-],
[CO2] (Table 2). Ocal varied by 0.02–0.57 units (Table 2).
The TA and DIC in incubations varied by<3% between t0 and t72 (Table 2). By the end of
I1 (experiments with CCMP 88E), pH values had increased by up to 0.02 but for I2 (experi-
ments with NZEH), pH values decreased by 0.01 (4,800 m) and 0.04 (1,000 m). [HCO3
-]
decreased by <3% for both incubations and for seawater obtained from all depths. During I1,
[CO3
2-] increased by up to 17% but in I2, only the deepest water showed an increase (12%) in
[CO3
2-] whereas water from 1,000 m showed a decrease in [CO3
2-] of 3%. In I1, [CO2]
decreased by up to 15% (4,800). In I2, [CO2] decreased (9%) in incubations with water from
4,800 m only, but remained unaltered in incubations with water from 1,000 m. The O-cal val-
ues in I1 increased by 0.52 and 0.33 in water from 4,800 m and 1,000 m respectively. However,
in I2, O-cal increased only in water from 4,800 m (by 0.35 units), whereas Ocal decreased by
0.09 in the 1,000 m treatments (Table 2).
Nutrients, seawater elemental analysis and physico-chemical conditions
Nutrient concentrations increased with depth and, with the exception of water obtained from
the chl max at t0 for I1, macronutrients (nitrate and phosphate) were replete at both incubation
time points (Table 1). Although waters from the chl max and from 500 m did not promote
growth, nitrate removal was 20–40% in I1 and 2–30% in I2, and phosphate removal was 11–
43% in I1 and 18–23% in I2 (Table 1). By t72, nutrient utilization by CCMP 88E caused a
nitrate decrease of 4% and a 3% (1,000 m) and 8% (4,800 m) decrease in phosphate between
the start and the end of incubations. During I2 (strain NZEH), there was a 12% (1,000 m) and
2% (4,800 m) decrease in nitrate and a 32% (1,000 m) and 22% (4,800 m) decrease in phos-
phate between the beginning and the end of the incubation (Table 1). Seawater elemental
ratios remained constant with depth. Salinity, temperature and oxygen in the water column
followed typical open ocean trends; data are given in Table 1.
Fig 1. Scanning electron microscopy images of E. huxleyi CCMP 88E (A, B) and NZEH (C, D) after
incubations in water collected from 1,000 m (A, C) and 4,800 m (B, D). Scale bar: 2 μm.
https://doi.org/10.1371/journal.pone.0181713.g001
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 9 / 20
Coccolith geochemistry
Coccolith calcite Sr/Ca ratios rapidly increased from surface waters to 1,000 m and 4,800
waters, for both strains (Fig 2). The changes in the absolute calcite Sr/Ca ratio value were
strain-dependent, with a larger increase in strain NZEH compared to CCMP 88E.
Discussion
Variable physiological responses to upwelled waters within E. huxleyi
Our results revealed lack of growth in two strains of E. huxleyi using water from the two shal-
lowest depths, suggesting that geoengineering approaches promoting shallow water upwelling
may not always be suitable to enhance productivity. Additionally, we observed differential
physiological responses within the E. huxleyi species complex to abrupt changes in seawater
chemistry simulating artificial upwelling. Although most artificial upwelling is from a few hun-
dred meters (e.g., [15, 41, 42], simulations of artificial upwelling have been presented for 1,000
m [18, 19] and deeper (Atmocean, Inc, https://atmocean.com/). The depths targeted in this
study correspond to those proposed by [18] and [19] and we included an additional depth of
4,800 m in an effort to expand the depth range to its maximum at this site. The deepest waters
used in our study had nitrate and phosphate values comparable to those used in artificial
upwelling tested in the field [15] and the levels of CO2 were within the range of those observed
in upwelled waters enhancing primary productivity [43, 44]. There are however potential logis-
tical drawbacks of using deep waters and more research needs to be conducted on the feasibil-
ity of deep artificial upwelling.
Despite N:P values not deviating far from the Redfield ratio (~13:1–20:1), and macronutri-
ent excess (except for water obtained from the chl max of I1) (Table 1), growth was only pro-
moted in water from >1,000 m (Table 3). However, although E. huxleyi did not grow in
incubations using water from the two shallowest depths (chl maximum and 500 m), nutrient
removal was significant (up to 40% and 30% nitrate removal in I1 and I2 respectively, and up
Fig 2. The relationship of E. huxleyi strains (CCMP 88E: circles, and NZEH: squares) calcite Sr/Ca
with the seawater conditions from different depths and thus a natural carbonate chemistry gradient.
Axes on the right show experimental medium carbonate chemistry conditions and seawater composition in
the incubations (no pressure effect). Each data point represents an individual measurement.
https://doi.org/10.1371/journal.pone.0181713.g002
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to 43 and 23% phosphate removal in I1 and I2 respectively), indicating possible microbial
competition for nutrients in our non-axenic cultures. Deep seawater is rich in nutrients and
DIC and the synergistic effect of nutrients can be greater than the effect of DIC change alone
in E. huxleyi [45]. In our study, DIC was non-limiting but growth was promoted only at con-
centrations of nitrate greater than 14 μM (Tables 1 and 3).
With the exception of the very low PON production rate in the incubation with water from
1,000 m, which gave a very high POC:PON ratio (21.8), the carbon physiology of the Gulf of
Maine strain (CCMP 88E) appeared to be unaffected by the chemistry of the waters that pro-
moted growth (1,000 m and 4,800 m). This deviation from Redfield (POC:PON ~6.6) has been
reported for nutrient-replete exponentially-growing coccolithophores including E. huxleyi
(POC:PON ratio = 26) and Gephyrocapsa oceanica (POC:PON ratio = 32) [46]. Experiments
using natural populations have indicated that under conditions of nitrate repletion, POC:PON
ratios can be as high as 17 under Fe scarcity and up to 37 when Fe was added to the incubations
[47]. Although we are unable to speculate about micronutrient availability in the current
experiment, all these studies appear to suggest a great deal of plasticity in POC:PON ratios
originating from taxonomic diversity but also environmental conditions although the specific
factor governing these ratios remain unclear. In a global survey, [48] reported they were unable
to explain 80% of their data based on traditional oceanographic parameters and argue that
other factors, or yet unexplored, may influence the C:N ratio in different ocean environments
[48].
Although the decrease in DIC:DIN ratio in water from 1,000 m to 4,800 m was moderately
larger in I2 (32%) than in I1 (15%), why nitrogen rather than carbon acquisition was favored
to such extent in the waters with a higher content of DIC (4,800 m) in I1 remains unclear. On
the other hand, the carbon physiology of strain NZEH was significantly different when cells
were incubated in water from 1,000 m and 4,800 m (Table 3). The intraspecific response that
we report in E. huxleyi is likely a result of inherently distinct physiological properties (e.g.,
growth rates and calcification) of individual strains/genotypes/morphotypes that have already
been observed in lab experiments [49, 50]. This is supported by the recent sequencing of multi-
ple E. huxleyi strains that revealed genomic differences in gene content and in genome size
[51]. Field observations support this large heterogeneity of biological properties within E. hux-
leyi. Specifically, high latitudes are characterized by largely monospecific bloom populations
[52], which display huge intraspecific genetic diversity and high productivity [52, 53]. In con-
trast, high species diversity and low-productivity of coccolithophore populations are character-
istic of oligotrophic stratified waters of low and mid-latitudes [54].
Increasing CO2 levels generally enhance photosynthetic carbon fixation in E. huxleyi but, in
some strains, a rise in CO2 appears to impact growth ([31, 55]; this study with NZEH). Also,
elevated CO2 is known to have variable effects on coccolithophore calcification depending of
strain and life cycle stage [31, 49, 55, 56, 57, 58, 59]. Although there are scarce reports from the
field measuring selection under different carbon chemistry scenarios, recent field observations
provide strong indication of strain selection within E. huxleyi, showing that an overcalcified
morphotype of E. huxleyi (morphotype ‘R’) may be adapted to high CO2 upwelled waters of
the Patagonian Shelf [60]. One of the strains tested in this study, NZEH, displays morphotype
R characteristics and grew most rapidly in the incubations with deep seawater. This strain has
been frequently used in laboratory studies [31, 45, 55, 57, 61], and in agreement with our previ-
ous results, cellular calcification (Table 3) and coccosphere volume (Fig 1, Table 4) increased
under elevated CO2 [31, 55].
The documented intraspecific diversity in E. huxleyi physiology [49] and the environmental
selection of strains [60, 62] determine the extent to which populations respond to changes to
environmental pressure, including alterations in CO2. However, population responses may
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differ depending on whether the environmental perturbation is abrupt or chronic. Upwelling
represents an analogue of exposure to both abrupt short-term and long-term stress that could
have consequences that go far beyond a cellular response but extend to other levels of biologi-
cal organization [63, 64]. At the cellular level, acclimation to abrupt environmental change is
usually initiated by a stress response characterized by transitory molecular and physiological
perturbations to maximize resource utilization while maintaining structural and genetic integ-
rity [65, 66]. An abrupt stress response is often followed by a long term physiological stabiliza-
tion over multiple generations representing selection for cellular processes under the new
condition [66]. In E. huxleyi populations, this is likely the case [31] although an E. huxleyi
strain has been reported to display short-term responses in 26 hours (~1 generation) that are
comparable to responses in cells acclimated in batch and continuous cultures over many days
and generations [67]. These acclimating strategies give organisms a physiological advantage
over other organisms that have not been exposed to that environment [68], although biota can
respond to chronic stress by reducing fitness [69]. In a modeling study, [70] explored the bio-
geochemical implications of this intraspecific variability by studying trends in the PIC:POC
ratio in E. huxleyi. They suggested that E. huxleyi displayed comparably broad physiological
properties and that the different nutrient and light regimes rather than strain-specific
responses determine the outcome of this biogeochemically important proxy for carbon uptake.
Our data do not strongly support this hypothesis but rather indicate that the intraspecific phys-
iological properties may drive the selection of strains under varying conditions. This has been
postulated by [52], who argued that E. huxleyi is universally distributed but that local selection
of strains in largely monospecific populations explains their adaptability to changing environ-
mental selection pressure. Field studies also support strain selection as a possible explanation
for biogeographic or temporal patterns of strains associated with distinct CO2 conditions (e.g.,
[60, 62].
Short-term physiological shifts in E. huxleyi NZEH
In our incubations, we achieved a distinguishable gradient in concentrations of CO2, HCO3
-,
CO3
2- and pH, with consistent increases in [CO2] and [HCO3
-] and decreases in [CO3
2-] and
pH with depth (Table 2). Temperature was kept constant in all incubations and a difference of
<10% in salinity between the different depths (Table 1) is unlikely to have caused an effect on
cellular growth [71]. It is possible that shifts in physiological performance may be due, at least
in part, to varying concentrations of inorganic carbon species. The observed lower growth rate
and an increase in the cellular standing stocks of carbon (PIC and POC) and PON, with
increasing [CO2] (12%) and decreasing pH (0.03–0.04 units) in the deep water incubations
(Tables 2 and 3) are in agreement with previous laboratory results using strain NZEH,
although our data show a much greater magnitude of response. Specifically, our study identi-
fied ~50% lower growth rates with 12% increase in [CO2] compared to smaller differences in
growth rate observed by [55] (30%), [45] (20%) and [31] (19%) with greater differences and
values of pCO2 between treatments. Some studies have reported no effect of CO2 on the
growth in this strain [57, 61], although all these experiments used different CO2 levels, and
there is substantial uncertainty of measured and calculated carbon chemistry parameters, par-
ticularly under high CO2 levels [72]. Although the cellular stocks of PIC, POC and PON
increased with increasing CO2 and nutrient availability, the production rates of PIC were
lower after incubation in the deep water (Table 3), in contrast with previous studies [55, 57].
These discrepancies can be explained by the far greater decline in growth rates observed in this
study when cells were incubated in the deepest water, analogous to results obtained for this
strain by [31].
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For strain CCMP 88E, production rates of POC and PON were comparable in seawater
from 1,000 and 4,800 m, the POC:PON ratio was lower at 4,800 m and the PIC:POC ratio
remained unaltered (Table 3). Some of these results (POC:PON) differ from previous reports
on E. huxleyi NZEH [31, 55, 57, 73]. We also note that this may be a consequence of strain var-
iability, since strain NZEH exhibited no difference in PIC:POC or POC:PON ratios, consistent
with previous observations [31, 55]. Interestingly, a modeling study by [70] proposed that
responses in the PIC:POC ratio in E. huxleyi are highly plastic under varying carbonate condi-
tions and that these responses can be predicted by the seawater concentrations of CO2, total
alkalinity, and phosphate conditions, although this has not been validated in the field. The
PIC:POC ratio is a particularly important proxy because it reveals the direction of CO2 fluxes
between the atmosphere, the upper ocean, and the ocean interior in the short term [74] and on
geological time scales [75]. Our results indicate that, although cellular quotas of PIC and POC
increase in strain NZEH with increasing CO2, the lack of variance in PIC:POC for either
NZEH or 88E means it is unlikely that carbonate chemistry alterations induced by artificial
upwelling will result in significant changes in coccolithophore CO2 sequestration.
Ecological and biogeochemical implications
Our approach explores the net physiological shifts after 72 hours of exposing E. huxleyi strains to
seawater from varying depths, an approach that has been suggested to have the potential to fertil-
ize the surface ocean [76, 77], although the value of this approach to drawdown CO2 has been
questioned [78]. Specifically, [76] proposed the use of ocean pipes with the aim of enhancing pho-
tosynthetic carbon fixation by fertilizing the surface ocean with deep waters containing elevated
nutrients and CO2 concentrations. A major criticism of this scheme is that it relied on the
removal of CO2 by primary production, which is likely counteracted by degassing of CO2 as deep
waters reach the sea surface. In addition to this, there is the issue of decoupling between produc-
tivity at the sea surface and carbon export at depth; although carbon fixation will likely occur, the
mechanism by which carbon is subsequently exported to depth remains an open question.
Very few studies have been able to confirm whether enhanced photosynthetic carbon fixa-
tion and biomineralization translates into an increase in carbon export below 1,000 m on cen-
tennial time scales (carbon sequestration as defined by IPCC [79]) [19, 80]. Additionally, the
response of ecosystems and the structure and productivity of the microbial community is likely
to vary with geographic location, season, upwelled water composition, and the rate and phas-
ing of upwelling [80]. In our experiment, there was no difference in POC production for either
strain when incubated in waters from 1,000 and 4,800 m. However, for strain NZEH, we
observed a decline in growth rates when using the deepest waters (which contained more
CO2) and a concomitant increase in cellular calcification, These data are in agreement with
previous observations for this strain when incubated under high CO2 conditions [31, 55].
Increases in cellular calcification may result in energetic trade-offs in calcifying organisms [81,
82, 83] and could lead to competitive disadvantages [31]. These physiological changes along-
side changes in POC:PON (which decreased significantly with increasing CO2 levels in CCMP
88E but remained unaltered in NZEH) have the potential to alter grazing selection [84]. Cell
volume appeared to remain unaltered in CCMP 88E but increased by 30% with increasing
CO2 (in 4,800 m water) in NZEH (Fig 1), in agreement with other studies showing similar
increases in coccosphere volume ([55]: 21%; [31]: 30%). A decrease in ecological fitness as evi-
denced by declining growth rates in the overcalcified strain (NZEH) and changes in cell vol-
ume could affect grazing pressure by zooplankton [85, 86]. This indicates that the suggested
geoengineering approaches may have unexpected and unpredictable outcomes because of the
genomic and physiological variability within the phytoplankton species concept.
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In addition to macronutrients, deep seawater rising to the euphotic zone can carry micro-
nutrients such as Fe [87, 88] and Zn [89]. These metals are involved in carbon fixing mecha-
nisms by controlling the activity of metalloenzymes such as carbonic anhydrase [90]. Our
study area in the North Atlantic Ocean is a region of low deep water Fe concentrations [91]
and it seems unlikely that micronutrient limitation had a significant influence on our experi-
ments. Increases in micronutrients are associated with increasing productivity [92], which in
turn controls the flux of organic carbon export and thus the CO2 drawdown in the surface
ocean on ecological [93] and geological time scales [94, 95]. For example, Fe availability may
be important in regulating coccolithophore bloom formation in cold, nutrient-rich waters of
the Patagonian Shelf, where iron may be supplied by shelf sediments [96, 97]. However, the
distribution of elements and their ratios is complex and known to vary depending on physical
conditions. For example, horizontal and vertical changes in the seawater Sr/Ca ratios can vary
by up to 3% [98], which translates into a change in the calcite Sr/Ca ratios in the calcite pro-
duced and exported to depth.
A few coastal studies have used natural CO2 gradients in the field as analogues of ocean
acidification; e.g., the CO2 flux from volcanic vents that lowers coastal seawater pH in the Tyr-
rhenian Sea, from current levels (~8.1) to levels beyond worse case scenarios (~7.4) [99]. These
studies suggest that variations in CO2 can cause species-specific as well as whole community
responses [100]. Results from most of these experiments indicate that calcification is detrimen-
tally affected by elevated CO2; e.g., in epiphytic coralline algae cover and mass calcification on
sea grass meadows [101]. However, in other groups (bryozoans), calcification can be main-
tained under decreased pH levels but an additional stressor such as warming, can interrupt cal-
cification [102]. Therefore, on top of inter- and intraspecific inherent properties, multi
stressor and synergistic impacts are likely to be responsible for the observed different responses
of coccolithophores to water from varying depths.
The elemental composition of seawater and geochemistry of coccoliths
Several factors are known to influence the elemental ratios used in this study. These include
temperature, growth rates and calcification rates. For example, in coccolithophores, calcite Sr/
Ca ratios increase by 1–2% per 1˚C increase in temperature [103] as well as in foraminifera
[104]. In the current study, the calcite Sr/Ca was depth-dependent despite constant seawater
Sr/Ca, and showed intraspecific variability. This could be caused by a decrease in the discrimi-
nation of Sr relative to Ca, during the calcification process [105]. The observed change in coc-
colith calcite Sr/Ca with depth, and therefore increasing DIC, occurs in laboratory CO2
manipulations for both coccolith calcite Sr/Ca and Mg/Ca ratios [106]. We can speculate than
in other upwelling regions where deep waters have also a different seawater Sr/Ca and DIC
than surface water, the calcite Sr/Ca could also change. In practical terms, this means that the
reconstruction of paleo-oceanographic variables using coccolith calcite Sr/Ca is complicated
by the influence of different carbonate chemistries of the original water mass on the coccolith
calcite Sr/Ca. Both rising temperature and CO2 are known to increase coccolith calcite Sr/Ca
[106], and if we add this to observed difference in seawater Sr/Ca of up to 3% on horizontal
transects (Atlantic and Pacific Oceans) [98], the use of this ratio as a paleo tool to reconstruct
productivity can be compromised.
Concluding remarks
Although any extrapolation to the field would require in-situ testing of the effect of upwelling
on coccolithophore performance and population dynamics as a baseline for comparison, our
observations revealed some interesting trends. For example, our data show that use of the
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deepest waters (~4,800m) enhanced cellular PIC and POC in one strain of Emiliania huxleyi,
suggesting that deep upwelling might be useful to promote carbon fixation by coccolitho-
phores at the ocean surface. Although we only investigated two strains, growth was not pro-
moted for either strain using water from <1000m, implying that shallow water geoengineering
may not be suitable for all locations, and any such approach should be investigated on a case-
by-case basis. The strain- and depth-specific variability revealed in this study highlights how,
without careful foresight, there are likely to be substantial challenges when designing and
applying universal geoengineering approaches to enhance carbon sequestration and promote
other microbial biogeochemical responses.
Supporting information
S1 Table. Irradiance during the incubation periods. Photosynthetically active radiation
in μmol quanta m-2 s-1 over the 24 hour cycle during the incubation period.
(DOCX)
S2 Table. Inorganic carbon chemistry parameters. Initial (t0) and final (t72) conditions are
provided. First row indicates the values of the water at t0, immediately after filtration; the sec-
ond row indicates the values at the end of the experiment (t72); the third row represents one
standard deviation; and the last row represents the values in the blank (seawater treated in an
identical way but without cells).
(DOCX)
S3 Table. Carbon chemistry parameters before (white) and after (gray) filtration.
TA = total alkalinity; DIC = dissolved inorganic carbon. TA, DIC, HCO3
-, CO3
2- and CO2 val-
ues are in μmol kg seawater-1. pCO2 = partial pressure of CO2 values are in parts per million
volume.
(DOCX)
Acknowledgments
We are grateful to the officers and crew of the R.R.S. James Clark Ross for their support at sea,
to Professor Richard S. Lampitt for making space and facilities at R.R.S. James Clark Ross
available, and Dr. Emilio Maraño´n for kindly allowing us to keep the E. huxleyi strains in his
lab at the University of Vigo before starting the oceanographic cruise. This work is a contribu-
tion to the "European Project on Ocean Acidification" (EPOCA), which received funding from
the European Community’s Seventh Framework Programme (FP7/2007–2013) under grant
agreement no. 211384. This study was also financed by a grant from the Federal Ministry of
Education and Research (BMBF) to ML under contract No. 03F0722A. We gratefully acknowl-
edge the contribution made by our colleague, Professor Henry Elderfield FRS, who sadly
passed away during the preparation of this manuscript.
Author Contributions
Conceptualization: Maria Debora Iglesias-Rodriguez, Mervyn Greaves.
Data curation: Maria Debora Iglesias-Rodriguez, Bethan M. Jones, Sonia Blanco-Ameijeiras,
Mario Lebrato.
Formal analysis: Maria Debora Iglesias-Rodriguez, Bethan M. Jones, Sonia Blanco-Amei-
jeiras, Mervyn Greaves, Mario Lebrato.
Funding acquisition: Maria Debora Iglesias-Rodriguez.
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 15 / 20
Investigation: Maria Debora Iglesias-Rodriguez, Bethan M. Jones, Sonia Blanco-Ameijeiras,
Mervyn Greaves, Mario Lebrato.
Methodology: Maria Debora Iglesias-Rodriguez, Bethan M. Jones, Sonia Blanco-Ameijeiras,
Mervyn Greaves, Mario Lebrato.
Project administration: Maria Debora Iglesias-Rodriguez.
Resources: Maria Debora Iglesias-Rodriguez.
Supervision: Maria Debora Iglesias-Rodriguez.
Validation: Maria Debora Iglesias-Rodriguez.
Writing – original draft: Maria Debora Iglesias-Rodriguez.
Writing – review & editing: Maria Debora Iglesias-Rodriguez, Bethan M. Jones, Sonia
Blanco-Ameijeiras, Mervyn Greaves, Maria Huete-Ortega, Mario Lebrato.
References
1. Feely RA, Sabine CL, Lee K, Berelson W, Kleypas J, Fabry VJ, et al. Impact of anthropogenic CO2 on
the CaCO3 system in the oceans. Science 2004; 305: 362–366. https://doi.org/10.1126/science.
1097329 PMID: 15256664
2. Feely RA, Sabine CL, Hernandez-Ayon JM, Ianson D, Hales B. Evidence for upwelling of corrosive
“acidified” water onto the continental shelf. Science 2008; 320: 1490–1492. https://doi.org/10.1126/
science.1155676 PMID: 18497259
3. Van Geen A, Takesue RK, Goddard J, Takahashi T, Barth JA, Smith RL. Carbon and nutrient dynam-
ics during coastal upwelling off Cape Blanco, Oregon. Deep-Sea Research II 2000; 47: 975–1002.
4. Brock JC, McClain CR, Luther ME, Hay WW. The phytoplankton bloom in the northwestern Arabian
Sea during the southwest monsoon of 1979. Journal of Geophysical Research Oceans 1991; 96:
20623–20642.
5. Brock JC, McClain CR. Interannual variability in phytoplankton blooms observed in the northwestern
Arabian Sea during the Southwest Monsoon. Journal of Geophysical Research 1992; 97: 733–50.
6. Brzezinski MA, Washburn L. Phytoplankton primary productivity in the Santa Barbara Channel: effects
of wind-driven upwelling and mesoscale eddies. Journal of Geophysical Research 2011; 116:
C12013, https://doi.org/10.1029/2011JC007397
7. Hauri C, Gruber N, Vogt M, Doney SC, Feely RA, Lachkar Z et al. Spatiotemporal variability and long-
term trends of ocean acidification in the California Current System. Biogeosciences 2013; 10: 193–
216.
8. Hecky RE, Kilham P. Nutrient limitation of phytoplankton in freshwater and marine environments: a
review of recent evidence on the effects of enrichment. Limnology and Oceanography 1988; 33: 796–
822.
9. Vitousek PM, Howarth RW. Nitrogen limitation on land and in the sea–how can it occur? Biogeochem-
istry 1991; 13: 87–115.
10. Sakka Hlaili A, Chikhaoui M A, El Grami B, Hadj Mabrouk H. Effects of N and P supply on phytoplank-
ton in Bizerte lagoon (Western Mediterranean). Journal of Experimental Marine Biology and Ecology
2006; 333: 79–96
11. Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hillebrand H et al. Global analysis of
nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosys-
tems. Ecology Letters 2007; 10: 1135–1142. https://doi.org/10.1111/j.1461-0248.2007.01113.x
PMID: 17922835
12. Bauman SJ, Costa MT, Fong MB, House BM, Perez EM, Tan MH et al. Augmenting the biological
pump: The shortcomings of geoengineered upwelling. Oceanography 2014; 27: 17–23.
13. Fan W, Chen J, Pan Y, Huang H, Chen C-TA, Chen Y. Experimental study on the performance of an
air-lift pump for artificial upwelling. Ocean Engineering 2013; 59: 47–57.
14. Kenyon KE. Upwelling by a wave pump. Journal of Oceanography 2007; 63: 327–331.
15. Aure J, StrandØ, Erga SR, Strohmeier T Primary production enhancement by artificial upwelling in a
western Norwegian fjord. Marine Ecology Progress Series 2007; 352: 39–52.
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 16 / 20
16. McClimans TA, Handå A, Fredheim A, Lien E, Reitan KI. Controlled artificial upwelling in a fjord to
stimulate non-toxic algae. Aquacultural Engineering 2010; 42: 140–147.
17. Dutreuil S, Bopp L, Tagliabue A. Impact of enhanced vertical mixing on marine biogeochemistry: les-
sons for geo-engineering and natural variability. Biogeosciences 2009; 6: 901–912.
18. Yool A, Shepherd JG, Bryden HL, Oschlies A. Low efficiency of nutrient translocation for enhancing
oceanic uptake of carbon dioxide. Journal of Geophysical Research 2009; 114, C08009, https://doi.
org/10.1029/2008jc004792
19. Oschlies A, Pahlow M, Yool A, Matear RJ. Climate engineering by artificial ocean upwelling: channel-
ling the sorcerer’s apprentice. Geophysical Research Letters 2010; 37: https://doi.org/10.1029/
2009GL041961
20. Margalef R. Life-forms of phytoplankton as survival alternatives in 1 an unstable environment. Ocea-
nological Acta 1978; 1: 493–509.
21. Buck KR, Marin R III, Chavez FP. Heterotrophic dinoflagellate fecal pellet production: grazing of large,
chain-forming diatoms during upwelling events in Monterey Bay, California. Aquatic Microbial Ecology
2005; 40: 293–98.
22. Hutchins DA, Bruland KW. Iron-limited diatom growth and Si:N uptake ratios in a coastal upwelling
regime. Nature 1998; 393: 561–64.
23. Hutchins DA, Hare CE, Weaver RS, Zhang Y, Firme GF, DiTullio GR et al. Phytoplankton iron limita-
tion in the Humboldt Current and Peru Upwelling. Limnology and Oceanography 2002; 47: 997–1011.
24. Rixen T, Haake B, Ittekkot V. Sedimentation in the western Arabian Sea: the role of coastal and open-
ocean upwelling. Deep-Sea Research II 2000; 47: 2155–78.
25. Stoll HM, Ziveri P, Shimizu N, Conte M, Theroux S. Relationship between coccolith Sr/Ca ratios and
coccolithophore production and export in the Arabian Sea and Sargasso Sea. Deep-Sea Research
Part II 2007; 54: 581–600.
26. Abrantes F, Moita T (. Water column and recent sediment data on diatoms and coccolithophorids, off
Portugal, confirm sediment record as a memory of upwelling events. Oceanologica Acta 1999; 22:
319–336.
27. Giradeau J, Bailey GW. Spatial dynamics of coccolithophore communities during an upwelling event
in the Southern Benguela system. Continental Shelf Research 1995; 15: 1825–52.
28. Guillard RRL, Ryther JH. Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and Deto-
nula confervacea Cleve. Canadian Journal of Microbiology 1962; 8: 229–39. PMID: 13902807
29. Hansen HP, Koroleff F. Determination of nutrients, p. 159–228. In Grasshoff K., Kremling K., and Ehr-
hardt M. [eds.]. Methods of seawater analysis, 3rd ed. Wiley-VCH; 1999.
30. Lewis E, Wallace DWR. Program developed for CO2 system calculations. ORNL/CDIAC-105. Carbon
dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak
Ridge, Tennessee; 1998.
31. Jones BM, Edwards RJ, Skipp PJ, O’Connor CD, Iglesias-Rodriguez MD. Proteomic responses to ele-
vated CO2. PLoS ONE 2013; 8:e61868. https://doi.org/10.1371/journal.pone.0061868 PMID:
23593500
32. de Villiers S, Greaves M, Elderfield H. An intensity ratio calibration method for the accurate determina-
tion of Mg/Ca and Sr/Ca of marine carbonates by ICP-AES. Geochemistry, Geophysics, Geosystems
2002; 3:1001, https://doi.org/10.1029/2001GC000169
33. Charalampopoulou A, Poulton AJ, Tyrrell T, Lucas MI. Irradiance and pH affect coccolithophore com-
munity composition on a transect between the North Sea and the Arctic Ocean. Marine Ecology- Prog-
ress Series 2011; 431: 25–43.
34. Reynolds CS. Phytoplankton periodicity: the interaction of form, function and environmental variability.
Freshwater Biology 1984; 14: 111–42.
35. Henderiks J. Coccolithophore size rules—reconstructing ancient cell geometry and cellular calcite
quota from fossil coccoliths. Marine Micropaleontology 2008; 67: 143–54.
36. Verardo DJ, Froelich PN, McIntyre A. Determination of organic carbon and nitrogen in marine sedi-
ments using the Carlo Erba NA-1500 Analyzer. Deep-Sea Research 1990; 37: 157–65.
37. Hilton J, Lishman JP, Mackness S, Heaney SI. An automated method for the analysis of ‘particulate’
carbon and nitrogen in natural waters. Hydrobiologia 1986; 141: 269–71.
38. Fagerbakke KM, Heldal M, Norland S, Heimdal BR, Batvik H. Emiliania huxleyi. Chemical composition
and size of coccoliths from enclosure experiments and a Norwegian fjord. Sarsia 1994; 79: 349–55.
39. Harris RJC. Biological applications of freezing and drying. Academic Press, New York; 1954.
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 17 / 20
40. Blanco-Ameijeiras S, Lebrato M, Stoll HM, Iglesias-Rodriguez MD, Me´ndez-Vicente A, Sett S et al.
Removal of organic magnesium in coccolithophore calcite, Geochimica et Cosmochimica Acta 2012;
89: 226–39.
41. Karl DM, Letelier RM. Nitrogen fixation-enhanced carbon sequestration in low nitrate, low chlorophyll
seascapes. Marine Ecology Progress Series 2008; 364: 257–268.
42. Maruyama S, Yabuki T, Sato T, Tsubaki K, Komiya A, Watanabe M et al. Evidences of increasing pri-
mary production in the ocean by Stommel’s perpetual salt fountain, Deep-Sea Research I 2011; 58:
567–574.
43. Lefèvre N, Aiken J, Rutllant J, Daneri G, Lavender S, Smyth T. Observations of pCO2 in the coastal
upwelling off Chile: Spatial and temporal extrapolation using satellite data. Journal of Geophysical
Research 2002; 107, NO. C6, 3055, https://doi.org/10.1029/2000JC000395
44. Hales B, Takahashi T, Bandstra L. Atmospheric CO2 uptake by a coastal upwelling system. Global
Biogeochemical Cycles 2005; 19: GB1009 https://doi.org/10.1029/2004GB002295
45. Rouco M, Branson O, Lebrato M, Iglesias-Rodrı´guez MD. The effect of nitrate and phosphate avail-
ability on Emiliania huxleyi (NZEH) physiology under different CO2 scenarios. Frontiers of Microbiol-
ogy 2013; 4: https://doi.org/10.3389/fmicb.2013.00155 PMID: 23785363
46. Ho TY, Quigg A, Finkel CV, Milligan AJ, Wyman K, Falkowski PG, Morel FMM. The elemental compo-
sition of some marine phytoplankton. Journal of Phycology 2003; 29: 1145–1159.
47. Firme GF, Rue EL, Weeks DA, Bruland KW, Hutchins DA. Spatial and temporal variability in phyto-
plankton iron limitation along the California coast and consequences for Si, N, and C biogeochemistry.
Global Biogeochemical Cycles 2003; 17: https://doi.org/10.1029/2001GB001824
48. Martiny AC, Vrugt JA, Primeau FW, Lomas MW. Regional variation in the particulate organic carbon
to nitrogen ratio in the surface ocean. Global Biogeochemical Cycles 2013; 27: 723–731.
49. Langer G, Nehrke G, Probert I, Ly J, Ziveri P. Strain-specific responses of Emiliania huxleyi to chang-
ing seawater carbonate chemistry. Biogeosciences 2009; 6: 2637–46.
50. Blanco-Ameijeiras S, Lebrato M, Stoll HM, Iglesias-Rodriguez D, Mu¨ MN, Me´ndez-Vicente A, et al.
Phenotypic variability in the coccolithophore Emiliania huxleyi. PLoS ONE 2016; 11(6): e0157697.
https://doi.org/10.1371/journal.pone.0157697 PMID: 27348427
51. Read BA, Kegel J, Klute MJ, Kuo A, Lefebvre SC, Maumus F et al. Pan genome of the phytoplankton
Emiliania underpins its global distribution. Nature 2013; 499: 209–13. https://doi.org/10.1038/
nature12221 PMID: 23760476
52. Iglesias-Rodriguez MD, Brown CW, Doney SC, Kleypas JA, Kolber D, Kolber Z et al. Representing
key phytoplankton functional groups in ocean carbon cycle models: Coccolithophorids. Global Biogeo-
chemical Cycles 2002; 16: 47(1)–47(20).
53. Iglesias-Rodriguez MD, Schofield OM, Batley J, Medlin LK, Hayes PK. Intraspecific genetic diversity
in the marine coccolithophorid Emiliania huxleyi (Prymnesiophyceae): the use of microsatellite analy-
sis in marine phytoplankton population studies. Journal of Phycology 2006; 42: 526–36.
54. Winter A, Jordan R, Roth P. Biogeography of living cocolithophores in ocean waters. In: Winter A,
Siesser WG (eds) Coccolithophores. Cambridge University Press, Cambridge, p 161–177; 1994.
55. Iglesias-Rodriguez MD, Halloran PR, Rickaby REM, Hall IR, Colmenero-Hidalgo E, Gittins JR et al.
Phytoplankton calcification in a high-CO2 world. Science 2008; 320: 336–40. https://doi.org/10.1126/
science.1154122 PMID: 18420926
56. Riebesell U, Zondervan I, Rost B, Tortell R, Zeebe R, Morel FMM. Reduced calcification of marine
plankton in response to increased atmospheric CO2. Nature 2000; 407: 364–67. https://doi.org/10.
1038/35030078 PMID: 11014189
57. Shi D, Xu Y, Morel FMM. Effects of the pH/pCO2 control method on medium chemistry and phyto-
plankton growth. Biogeosciences 2009; 6: 1199–1207.
58. De Bodt C, Van Oostende N, Harlay J, Sabbe K, Chou L. Individual and interacting effects of pCO2
and temperature on Emiliania huxleyi calcification: study of the calcite production, the coccolith mor-
phology and the coccosphere size. Biogeosciences 2010; 7: 1401–12.
59. Fiorini S, Middelburg JJ, Gattuso JP. Testing the effects of elevated pCO2 on coccolithophores (Prym-
nesiophyceae): comparison between haploid and diploid life stages. Journal of Phycology 2011; 47:
1281–91. https://doi.org/10.1111/j.1529-8817.2011.01080.x PMID: 27020352
60. Beaufort L, Probert I, de Garidel-Thoron T, Bendif EM, Ruiz-Pino D, Metzl N et al. Sensitivity of cocco-
lithophores to carbonate chemistry and ocean acidification. Nature 2011; 476: 80–83. https://doi.org/
10.1038/nature10295 PMID: 21814280
61. Hoppe CJM, Langer G, Rost B. Emiliania huxleyi shows identical responses to elevated pCO2 in TA
and DIC manipulations. Journal of Experimental Marine Biology and Ecology 2011; 406: 54–62.
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 18 / 20
62. Smith HEK, Tyrrell T, Charalampopoulou A, Dumousseaud C, Legge OJ, Birchenough S et al. Pre-
dominance of heavily calcified coccolithophores at low CaCO3 saturation during winter in the Bay of
Biscay. Proceedings of the National Academy of Science 2012; 109: 8845–49.
63. Bartholomew GA. The roles of physiology and behavior in the maintenance of homeostasis in the des-
ert environment. Symposia of the Society for Experimental Biology 1964; 18: 7–29. PMID: 5838606
64. Arnold SJ. Morphology, performance and fitness. American Zoologist 1983; 23: 347–61.
65. Ram RJ, VerBerkmoes NC, Thelen MP, Tyson GW, Baker BJ, Blake RC et al. Community proteomics
of a natural microbial biofilm. Science 2005; 308: 1915–20. https://doi.org/10.1126/science. 1109070
PMID: 15879173
66. Brooks AN, Turkarslan S, Beer KD, Lo FY, Baliga NS. Adaptation of cells to new environments. Wiley
interdisciplinary reviews Systems Biology and Medicine 2011; 3: 544–561. https://doi.org/10.1002/
wsbm.136 PMID: 21197660
67. Barcelos e Ramos J, Mu¨ller MN, Riebesell U. Short- term response of the coccolithophore Emiliania
huxleyi to an abrupt change in seawater carbon dioxide concentrations. Biogeosciences 2010; 7:
177–86.
68. Leroi AM, Bennett AE, Lenski RE. Temperature acclimation and competitive fitness: An experimental
test of the Beneficial Acclimation Assumption. Proceedings of the National Academy of Science U.S.
A. 1994; 91: 1917–21.
69. Woods HA, Harrison JF. The beneficial acclimation hypothesis versus acclimation of specific traits:
physiological change in water-stressed Manduca sexta caterpillars. Physiological and Biochemical
Zoology 2001; 74: 32–44. https://doi.org/10.1086/319302 PMID: 11226012
70. Findlay HS, Calosi P, Crawfurd K. Determinants of the PIC:POC response in the coccolithophore Emi-
liania huxleyi under future ocean acidification scenarios. Limnology and Oceanography 2011; 56:
1168–1178.
71. Paasche E. A review of the coccolithophorid Emiliania huxleyi (Prymnesiophyceae), with particular ref-
erence to growth, coccolith formation, and calcification- photosynthesis interactions. Phycologia 2001;
40: 503–27.
72. Hoppe CJM, Langer G, Rokitta SD, Wolf-Gladrow DA, Rost B. Implications of observed inconsisten-
cies in carbonate chemistry measurements for ocean acidification studies. Biogeosciences 2012; 9:
2401–05.
73. Ridgwell A, Schmidt DN, Turley C, Brownlee C, Maldonado MT, Tortell P, Young JR. From laboratory
manipulations to Earth system models: scaling calcification impacts of ocean acidification. Biogeos-
ciences 2009; 6: 2611–23.
74. Crawford DW, Purdie DA. Increase of PCO2 during blooms of Emiliania huxleyi: theoretical consider-
ations on the asymmetry between acquisition of HCO3- and respiration of free CO2. Limnology and
Oceanography 1997; 42: 365–72.
75. Falkowski PG, Barber RT, Smetacek V. Biogeochemical controls and feedbacks on ocean primary
production. Science 1998; 281: https://doi.org/10.1126/science.281.5374.200
76. Lovelock JE, Rapley CG. Ocean pipes could help the Earth to cure itself. Nature 2007; 449:403.
77. Lampitt RS, Achterberg EP, Anderson TR, Hughes A, Iglesias-Rodriguez MD, Kelly-Gerreyn BA, et al.
Ocean fertilisation: a potential means of geo-engineering? Philosophical Transactions of the Royal
Society 2008; 366: 3919–45.
78. Shepherd J, Iglesias-Rodriguez MD, Yool A. Geo-engineering might cause, not cure, problems.
Nature 2007; 449: 781.
79. IPCC. Climate change 2007: synthesis report. Contribution of working groups I, II and III to the fourth
assessment report of the Intergovernmental Panel on Climate Change. IPCC, Geneva; 2007.
80. White A, Letelier R, Poulos S, Watkins B, Karl D. An open ocean trial of controlled upwelling using
wave pump technology. Journal of Atmospheric and Oceanic Technology 2010; 27: 385–96.
81. Wood HL, Spicer JI, Widdicombe S. Ocean acidification may increase calcification rates, but at a cost.
Proceedings of the Royal Society B. Biological Sciences 2008; 275: 1767–73. https://doi.org/10.1098/
rspb.2008.0343 PMID: 18460426
82. Lanning G, Eilers S, Portner H-O, Sokolova IM, Bock C. Impact of ocean acidification on energy
metabolism of oyster, Crassostrea gigas—changes in metabolic pathways and thermal response.
Marine Drugs 2010; 8: 2318–39. https://doi.org/10.3390/md8082318 PMID: 20948910
83. Vidal-Dupiol J, Zoccola D, Tambutte´ E, Grunau C, Cosseau C, Kristina M et al. Genes related to ion-
transport and energy production are upregulated in response to CO2-driven pH decrease in corals:
new insights from transcriptome analysis. PLoS ONE 2013; 8:e58652. https://doi.org/10.1371/
journal.pone.0058652 PMID: 23544045
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 19 / 20
84. Anderson TR Modelling the influence of food C:N ratio, and respiration on growth and nitrogen excre-
tion in marine zooplankton and bacteria. Journal of Plankton Research 1992; 14: 1645–71.
85. Ryther JH. Photosynthesis and fish production in the sea. Science 1969; 166: 72–76. PMID: 5817762
86. Laws EA, Falkowski PG, Smith WO Jr, Ducklow H, McCarthy J. Temperature effects on export pro-
duction in the open ocean. Global Biogeochemical Cycles 2000; 14: 1231–46.
87. Timmermans KR, Stolte W, de Baar HJW. Iron-mediated effects on nitrate reductase in marine phyto-
plankton. Marine Biology 1994; 121: 389–96.
88. Jickells TD, An ZS, Andersen KK, Baker AR, Bergametti G, Brooks N, et al. Global iron connections
between desert dust, ocean biogeochemistry, and climate. Science 2005; 308: 67–71. https://doi.org/
10.1126/science.1105959 PMID: 15802595
89. Knauer GA, Martin JH. Seasonal variations of cadmium, copper, manganese, lead, and zinc in water
and phytoplankton in Monterey Bay, California. Limnology and Oceanography 1973; 18: 597–604.
90. Morel FMM, Reinfelder JR, Roberts SB, Chamberlain CP, Lee JG, Yee D. Zinc and carbon co limita-
tion of marine phytoplankton. Nature 1994; 369: 740–42.
91. Mawji E, Schlitzer R, Masferrer-Dodas E, and GEOTRACES-group. The GEOTRACES Intermediate
Data Product 2014. Marine Chemistry 2015; https://doi.org/10.1016/j.marchem.2015.04.005
92. ller MN, Lebrato M, Riebesell U, Barcelos e Ramos J, Schulz KG et al. Influence of temperature and
CO2 on the strontium and magnesium composition of coccolithophore calcite. Biogeosciences 2014;
11: 1065–75.
93. de Baar HJW, de Jong JTM, Bakker DCE, Lo¨scher BM, Veth C, Bathmann U, Smetacek V Importance
of iron for plankton blooms and carbon dioxide drawdown in the Southern Ocean. Nature 1995; 373:
412–15.
94. Falkowski PG. Evolution of the nitrogen cycle and its influence on the biological sequestration of CO2
in the ocean. Nature 1997; 387: 272–75.
95. Ridgwell A. Changes in the mode of carbonate deposition: implications for Phanerozoic ocean chemis-
try. Marine Geology 2005; 217: 339–57.
96. Garcia VMT, Garcia CAE, Mata MM, Pollery RC, Piola AR, Signorini SR et al. Environmental factors
controlling the phytoplankton blooms at the Patagonia shelf-break in spring, Deep-Sea Research I
2008; 55: 1150–66.
97. Poulton AJ, Painter SC, Young JR, Bates NR, Bowler B, Drapeau D et al. The 2008 Emiliania huxleyi
bloom along the Patagonian Shelf: Ecology, biogeochemistry, and cellular calcification. Global Bio-
geochemical Cycles 2013; 27: 1–11.
98. de Villiers S. Seawater strontium and Sr/Ca variability in the Atlantic and Pacific oceans. Earth and
Planetary Science Letters 1999; 171: 623–34.
99. Hall-Spencer JM, Rodolfo-Metalpa R, Martin S, Ransome E, Fine M, Turner SM et al. Volcanic carbon
dioxide vents show ecosystem effects of ocean acidification. Nature 2008; 454: 96–99. https://doi.org/
10.1038/nature07051 PMID: 18536730
100. Porzio L, Buia M-C, Hall-Spencer JM. Effects of ocean acidification on macroalgal communities. Jour-
nal of Experimental Marine Biology and Ecology 2011; 400: 278–87.
101. Martin S, Rodolfo-Metalpa R, Ransome E, Rowley S, Buia M-C, Gattuso J-P, Hall-Spencer J. Effects
of naturally acidified seawater on seagrass calcareous epibionts. Biology Letters 2008; 4: 689–92.
https://doi.org/10.1098/rsbl.2008.0412 PMID: 18782731
102. Rodolfo-Metalpa R, Lombardi C, Cocito S, Hall-Spencer JM, Gambi C. Effects of ocean acidification
and high temperatures on the bryozoan Myriapora truncata at natural CO2 vents. Marine Ecology
2010; 31: 447–56.
103. Stoll HM, Ziveri P, Geisen M, Probert I, Young JR. Potential and limitations of Sr/Ca ratios in coccolith
carbonate: new perspectives from cultures and monospecific samples from sediments. Philosophical
Transactions of the Royal Society of London 2002a; 360: 719–747.
104. Stoll HM, Rosenthal Y, Falkowski PG. Climate proxies from Sr/Ca of coccolith calcite: calibrations
from continuous culture of Emiliania huxleyi. Geochimica et Cosmochimica Acta 2002b; 66: 927–36.
105. Stevenson EI, Hermoso M, Rickaby REM, Tyler JJ, Minoletti F, Parkinson IJ et al. Controls on stable
strontium isotope fractionation in coccolithophores with implications for the marine Sr cycle. Geochi-
mica et Cosmochimica Acta 2014; 128: 225–35.
106. Muller-Karger F, Varela R, Thunell R, Scranton M, Bohrer R, Taylor G et al. Annual cycle of primary
production in the Cariaco Basin: Response to upwelling and implications for vertical export. Journal of
Geophysical Research 2001; 106: 4527–4542.
Coccolithophores abrupt exposure to low pH deep seawater
PLOS ONE | https://doi.org/10.1371/journal.pone.0181713 July 27, 2017 20 / 20
